Abstract. We explore the potential of star-polymers that carry super-paramagnetic nano-particles as endgroups with respect to the single-molecule self-assembly process. With the aid of molecular dynamics simulation, the configurations of these macromolecules are analyzed as a function of functionality, magnetic interaction strength, and the length of the polymeric arms. By means of an external magnetic field the nano-particles can be controlled to form static or dynamic dipolar chains, resulting in conformations of isolated stars that can be characterized by the average number of chains and length. The single-molecule conformation diagram in the plane of magnetic interaction strength vs. the star-functionality is obtained. Further, the molecules are characterized by means of various shape and size order parameters.
Introduction
This conformation dependence on solvent quality can be exploited by combining different monomeric units within a polymer. The simplest example of that is an AB-diblock copolymer, where only two different building units are being used. One segment of the polymer chain, A, consists for instance of a number of identical solvophobic monomers, while the other segment B is formed by a number of solvophilic monomers. Already this type of polymeric chains, that can be characterized by the relative fraction of both types of units and the polymer-solvent interaction parameter, result in a surprisingly complex state diagram where the polymers can form spherical micro-structures, hexagonally packed cylinders, lamellar and bicontinous phases [1] . An obvious extension is to consider ABA-or BAB-triblock copolymers, where we can, depending on the composition and concentration, find normal and flowerlike micelles but also connected networks [2, 3] . An even more extreme version of this is found in DNA origami, where tailored single-stranded base-sequences can be used to create long molecular chains that can self-assemble in a particular target structure, such as a cube, a box, and various other shapes [4] [5] [6] .
An altogether different approach than variations in sequences to generate more complex types of behavior, is to synthesize branched structures. This can be in the form of uniform side-branches on a polymeric backbone, dendrimers, or star-polymers [7] [8] [9] [10] [11] . In the latter case, a number of polymeric chains are grafted on a mutual a e-mail: ronald.blaak@univie.ac.at core or, for instance, connected by a central dendrimer and are characterized by the number and length of the polymeric arms. Similar to their linear counterparts, also for these star-polymers a compactification transition can be induced by manipulating external conditions such as solvent quality and temperature. Such behavioral changes can be enhanced by the inclusion of functional units within the polymer chains that for example can be ionized.
A simple, but nevertheless fascinating, example of functionalized macromolecules is found in telechelic starpolymers, where the arms are formed by AB-diblock copolymer [12, 13] . In particular the case where the solvophilic segment is located in the center, and hence forcing the solvophobic chain-segment to extend in the solvent, results in some unexpected types of behavior. Not only do they display the ability to form gel networks and micelles, but depending on the ratio of A and B monomers and the functionality (number of arms) of the star-polymer, such micelles self-organize in larger worm-like structures [14, 15] . Even more striking is the possibility to form a "soft-patchy particle" by individual isolated stars, for which the solvophobic polymer tails reversibly merge into one or several clusters that surround the solvophilic core. The number of these clusters is determined by the functionality and other details of the architecture [16] [17] [18] . These patchy-like particles, themselves can be employed to stabilize various crystalline lattices with coordination numbers compatible with the number of patches found in the single isolated polymer-stars [18, 19] .
Soft-patchy particles are the more recent extension of the anisotropic interaction potentials as were for instance used in primitive models for water [20] and silica [21] .
These models on the atomic scale were in the 1990s extended to more mesoscopic particle sizes to model globular proteins [22] and to study self-assembly processes [23] . For and overview of patchy particles as well as their synthesis we refer the reader to refs. [24, 25] . The common factor in these particles and models is the rigidity in their shape and the location of the patches or interaction sites. In the case of soft-patchy particles, their overall shape, the size and location of the patches, and even the number of patches need not be constant as the patches arise from a reversible self-assembly.
The behavior of functionalized star-polymers is for an important part determined by their architecture and can be controlled externally by concentration, temperature, and solvent quality [26] . Here we want, by means of computer simulations, to explore the potential of functionalized star-polymers for which the internal and mutual interactions can be influenced in a more direct fashion. This is possible by considering homogeneous starpolymers, where only the terminal groups are functionalized with magnetic nano-particles [27, 28] and more particular super-paramagnetic particles. Consequently, the presence and strength of the magnetic interactions are directly controlled by the application of an external magnetic field that can be employed in both static and dynamic configurations. Similar to their telechelic counterparts, also here the end-groups can, depending on the interaction strength, form clusters. These aggregates, however, will be formed by magnetically induced dipolar chains rather than compact solvophobic patches. It should be stressed that, to the best of our knowledge and to date, such magnetically functionalized star-polymers have not been synthesized, but given the current state of synthesis techniques available this seems to be feasible.
Given the explorative nature of the present study, we start with formulating a simple semi-qualitative simulation model that captures the essence of the system in sect. 2. Individual model star-polymers for various functionality and interaction strength are simulated in order to map out a single-state conformation diagram in sect. 3.
In sect. 4 we analyze these conformations by means of various size and shape parameters. Section 5 focuses on the characterization of the dipolar chains that are formed during the simulations and the density profiles of magnetic particles are displayed in sect. 6. We conclude with a discussion and summary of the main results, as well as an outlook, in sect. 7.
The model
Since we are interested in the exploration of the behavior and properties of magnetically functionalized starpolymers and the manner in which their conformation can be controlled by their magnetic end-groups that interact with each other due to the presence of an external field, we construct a generic model for such macromolecules that can easily be extended in complexity, but for reasons of convenience is stripped to its bare essentials. To this end we employ a bead-spring model, which is governed by the repulsive Week-Chandler-Andersen (WCA) [29] interaction between monomers and the finitely extensible nonlinear elastic potential (FENE) [30] to restrict distances and model molecular bonds.
Within our star-polymer we distinguish three different types of particles. In the center is the core (O) to which f polymer arms are attached. The arms are represented by a number N of identical monomeric beads (A) and terminate in a single super-paramagnetic particle (B). The direct interaction between any two of these beads has the form of a shifted and truncated Lennard-Jones or WCA potential complemented with a hard-core contribution and is purely repulsive in nature:
Here the subscripts µ and ν are labels for the type of units we consider, ϵ characterizes the strength of the interactions, σ is the diameter of the monomers that constitute the polymer arms and determines the interaction range, and the D µν are the hard-core size of the respective beads. Note that we already have introduced the first simplification by choosing the interaction strength ϵ = k B T and range σ, which are our chosen units of energy and length, respectively, to be the same for all species. For the monomers of type A that form the polymer arms we assume that there is no hard core present, i.e., D AA = 0, which is compatible with many bead-spring models of a similar nature. For the central core of the star-polymer we assume to have a hard core that we fix by D OO = 2σ. Although strictly speaking, unless the polymers arms would be grafted on some colloidal particle, such a hard core is absent in real star-polymers where the center would be formed by a dendrimeric type of molecule. The concentration of monomers of different arms near the center of the star, however, make it effectively an excluded region. Given the goal of the present study, the microscopic details of the modeling of the center of the functionalized star-polymer is not particular relevant as its main role is to graft these different arms together. In addition to this physical motivation it serves from a computational aspect as a way to limit excessively high energies and forces in this location and to avoid potential computational problems. Finally, we choose D BB = σ to represent the fact that a nano-particle that forms the end-group of the polymer arm has an impenetrable core made of some magnetic material. The various cross-interactions are obtained by taking the mean averages of the corresponding monomer sizes, i.e.,
To maintain the architecture intact, we model the bonds between successive units of type µ and ν along an arm via the FENE potential [30] 
Also here we measure the distance for the bonds with respect to the relevant hard-core diameter. The strength of the spring constant is chosen to be k = 15ϵ/σ 2 and the maximal bond length is restricted to ∆ = 1.5σ. These values correspond to a situation where bonds will not cross, which for the present study -where we focus on static properties-is not truly relevant, but becomes important in future studies on the dynamics. Similar to the WCA interaction, we have adopted a simplification in parameter space by choosing the values of both parameters k and ∆ to be independent of the bead species. Also note that by this choice of bonds, a polymer arm is not grafted on the core at fixed position, but is attached by means of a mobile site on the surface of a sphere; its movement is restricted only by mutual steric interactions with other arms.
The final ingredient that is required for the model are the magnetic interactions that affect the end-groups only. As a first approximation the mutual interaction between two magnetic beads is modeled by a dipole-dipole contribution
here ⃗ m 1 and ⃗ m 2 are the magnetic dipole moments of both nano-particles and µ 0 the magnetic constant in vacuum separated by a vector r (withr = r/|r|). As we consider super-paramagnetic particles here, the dipole moments are induced by an externally applied homogeneous magnetic field. It will be assumed that the magnitude m = |m| of these dipole moments is the same for every magnetic bead and is at all times perfectly aligned with the external field chosen along the z-direction of the reference system. This implies that we neglect local effects that cause variations in dipole strengths and directions for the nano-particles that approach each other. Consequently, the magnetic interaction simplifies to
We also introduce the dimensionless parameter λ ≡ µ 0 m 2 / (4πσ 3 ϵ) to characterize the relative strength of the magnetic interaction, which corresponds to the energy of two aligned magnetic beads in the side-by-side configuration at a distance σ. Within this model, such a close approach is actually not possible by virtue of the soft shell that is assumed to surround the magnetic core and which ensures that the effective minimum distance is almost twice as large as the core diameter. It should also be pointed out that, similar to the mobility of the monomers that bind the arms to the core of the star, also the magnetic beads are bound without restriction to the end of the arms, i.e., the direction of the magnetic dipoles within the simulation can rotate in an unhindered manner with respect to the backbone of the polymer arm. Note that in the case of magnetic beads with a permanent dipole moment their directions would be fixed with respect to the terminal monomers of the polymer arms. Since we assumed to have induced dipoles this is not the case here.
The magnetic particles we consider here would be typically 20 nm in diameter and consisting of a coated superparamagnetic core of 10 nm made of for instance ferumoxide [27] . In the strong field limit of 10 kG this would results in a value of λ ≈ 100. This value decreases with a weaker field strength, a smaller core size, a thicker coating layer, and a stronger repulsive interaction between coating and polymer. For these small sizes the core forms essentially a single domain, hence the validity of a macro-spin treatment. Strictly speaking, the model is also applicable to paramagnetic materials provided the response to the external field is strong enough, because the external field strength only appears implicitly within the magnitude of the dipole moment m and the interaction strength λ. In an experimental setup, however, this would result in undesirable hysteresis effects on changing the field strength.
The single-star conformation diagram
For computational reasons the functionality f (number of arms) of the star-polymers is restricted to the range 5-50 and the number of monomers per arm N are 30, 40, and 50. We will limit ourselves here, however, to presenting only results for the case of N = 50 monomers per polymer arm, because the behavior for both shorter arms is qualitatively the same. Simulations were performed on single star-polymers using the ESPResSo package [31] with a Langevin thermostat and fixed center of mass. Since our goal is to describe the static properties of these systems, we choose the masses of all types of monomers to be the same. Strictly speaking, the core and the magnetic beads should be heavier, but our choice facilitates the mobility specially of the latter units and should not affect the physical properties of interest.
Initial configurations were chosen randomly from independent equilibrated trajectories of stars without magnetic interactions. All properties have been obtained from averaging over 16 different and independent realizations. In fig. 1 a few typical snapshots from the simulations of these isolated stars are displayed for different functionality f and relative magnetic interaction strength λ.
Because of the perfect alignment of the magnetic dipole moments with the imposed external field, the description of their interaction is a rather simple one, i.e., there is an attraction for head-to-tail arrangements that is limited by the short-range repulsion originating from the WCA interaction, and a repulsion for the side-by-side arrangements. Consequently, from an energetic point of view the magnetic beads can only aggregate into chains or remain separated. The formation of chains, however, is opposed by the steric interaction of the polymer arms, the loss of entropy by a restricted direction of the arm, and the limitation caused by the finite length of the polymer arms. For weak magnetic interactions we end up with normal star-polymers, where terminal end-groups briefly interact but are not able to support the formation of stable aggregates. For the lowest interaction strength λ = 25, the behavior and all considered properties are fully consistent with non-functionalized star-polymers [32] . On increasing the external field, the energetic gain due to the formation of small chains will begin to outweigh the entropic losses. The averaged number of these chains will obviously depend on the particular functionality of the star-polymer as well as on the strength of the external magnetic field. On increasing the magnetic interaction even more, the secondary energetic cost arising from open ended chains becomes more important than the entropic loss of stretching arms, resulting in longer chains and a decrease of their number.
This aggregation of end-groups in magnetically functionalized star-polymers is qualitatively similar to that of the self-assembly of telechelic stars, for instance by Capone et al. [18, 19] . In those investigations the arms of the star-polymers are diblock copolymers that consist of solvophilic heads attached to the core and solvophobic tails. The corresponding driving force for clustering and the consequential formation of a type of patchy particle, is imposed by the minimization of the surface of the solvophobic aggregates exposed to the solvent. Such aggregates by default are therefore more spherical and compact in nature than the dipolar chains formed here.
To map out the generic behavior of the self-assembled structures, simulations were performed for functionalities f = 5, 10, . . . , 50 and interaction strengths λ = 25-100. In these simulations we determine the number and length of dipolar chains; for the formation of a chain at least two particles have to bind. We consider magnetic particles to be part of the same chain whenever their distance is less than 2.5σ and their relative positions are such that the magnetic interaction is attractive. Since the magnetic bonds in the chains are reversible, the length of individual chains as well as their number fluctuate and we observe merging and breaking of chains within the duration of the simulations. Only for very high interaction strengths this is no longer the case and nearly irreversible bonds are formed.
The resulting averages for the number and lengths of chains for the N = 50 case are shown in fig. 2 . Within this analysis we have discarded single, isolated beads from both averages. Even for the lowest interaction strength λ = 25 considered here we observe small chains. The probability for an arm to contribute to a chain grows from approximately 0.01 for functionality f = 5 to about 0.1 for f = 50. Here, the higher functionality enhances the chance for encounters between end-groups by restricting their freedom due to the neighboring polymer arms. Although longer chains for such weak interactions strengths are observed, the average length remains only slightly larger than two units.
On increasing the magnetic interaction strength (λ ≈ 30-50), the average number of chains that is being formed grows steadily, as does their average length. This trend continues, until the interaction becomes strong enough that the waiting time required for a chain to break up or an arm to detach from the end of a chain becomes of the same order of magnitude as the time needed for chains or arms to find each other and merge. Beyond that intermediate range of interaction strengths (λ 50), the average length still increases, but the number of chains by necessity of the conservation of the number of magnetic beads has to decrease. This latter effect is the origin of the maximum in the average number of chains that can be seen in fig. 2(a) for the range λ ≈ 30-50 and f ≈ 40-50.
The main consequence arising from having shorter polymer arms (the cases N = 30 and 40 that are not shown here) is the higher penalty on the longer dipolar chains due to the stretching of polymer arms that connect to the outer ends. This implies that there are on average a bit more and at the same time smaller chains found in the star. However, the picture that emerges for these cases is qualitatively the same.
It should also be pointed out that for the highest interaction strengths and lowest functionalities some minor discrepancies with respect to a smooth behavior are visible in fig. 2 , in particular for the case f = 10, where the average number of clusters and their average length obtained from the simulations as function of the increasing interaction strength shows some non-monotonic behavior. Here, in some of the different simulations already the more stable single chain of length 10 were formed, whereas others did not yet do so. The process of breaking, diffusion, and merging of chains for these high interaction strengths is however very slow. To some extent this is also due to the way the magnetic interaction was imposed, i.e., via a quench from an equilibrated star-polymer without external magnetic field. These uncertainties could easily be removed by simulations an order of magnitude longer, a slower incremental increase of the magnetic interaction via the external field, or using the technique of parallel tempering or replica exchange; however, this would not significantly affect the main results.
Size and shape
In order to examine the shape and form of the functionalized star-polymers, we have measured the radius of gyration and the other shape parameters that can be obtained from the gyration tensor S αβ [33] . The latter is an object that can be easily obtained from simulations, as it only requires the input of the coordinates r i of all N particles of a molecule and their corresponding center of mass r
The radius of gyration R g , which is a measure for the effective size of a molecule, can be obtained from the trace of the gyration tensor, i.e., R 2 g = Tr(S αβ ). As is to be expected, the size of a star-polymer increases with increasing functionality as can be seen in fig. 3 where the results for the radius of gyration are shown. This trend is merely due to the fact that an increased functionality results in a higher effective density in the core region of a star and the locally increased steric interactions expel the arms more to the outer regions. In a similar fashion, also the increased magnetic interaction affects the size of a star. In this case, however, it is the increase in the number of functionalized monomers that participate in the dipolar chain formation that anchor the polymeric arms in a second point with limited distance to the center. This enforces a shorter coreto-end distance of the arms and results in an effectively reduced size of the whole star, which is an effect similar to what is found for telechelic star-polymers.
The characterization of the polymer-stars by means of the radius gyration is very limited, because it approximates the full object as a spherical one. Given the selfassembly of chains that takes place within the star on increasing the magnetic interaction strength, however, these stars are inherently asymmetric in nature. In lowest order those aspherical shape features can be captured by three different shape parameters that can be obtained from the gyration tensor eq. (5). They rely on the fact that the tensor by default is symmetric and therefore can be diagonalized to the form Λ = [λ . The square root of these values correspond roughly with the dimensions of the molecule when it is approximated by an ellipsoidal shape and the corresponding eigenvectors with its orientation in space. From the eigenvalues we can also directly compute the asphericity b, the acylindricity c, and the anisotropy κ 2 defined as
By comparing the values of these related quantities we can determine whether a particular configuration of interest is more spherical (b = c = 0), prolate or oblate, and whether it possesses an axial symmetry or not.
The results for these shape parameters can be found in fig. 4 . By comparing the different panels we observe from the small order parameter values that on the whole the star-polymers get more spherical for increasing functionality and for decreasing magnetic interaction strength, which is consistent with the observations above. Only for the lowest functionality, this appears not to be the case and we see an opposite trend, i.e., the asphericity, the acylindricity and the anisotropy diminish but now for increasing interaction strength. Their values, however, do not go converge to zero but remain finite, which indicates that there is no proper spherical symmetry present. For these cases of low functionality and high interaction strength the underlying idea of a fairly homogeneous distribution of monomers breaks down. The reason is of course that in most of these cases a single dipolar chain is formed, which results in a very asymmetric type of object, where the center of mass is not close to the core particle of the star. It is a structure similar to what was labeled a "watermelon" configuration for telechelic starpolymers [16, 17] . This behavior propagates to functionality 10 and 15, although here the number of chains tends to be two, a double watermelon structure, where the chains are not necessarily opposite to each other with respect to the center of the star.
Chain properties
The length of chains that are formed for a given functionality and interaction strength fluctuates. Especially for low magnetic interaction strengths they can easily break and merge. Although we have shown the average chain lengths in fig. 2 , we need to address the deviations from such average values. To this end, we measured the probability P (n) that a chain has a particular length n, where we consider isolated magnetic beads to be a chain of length unity. The results from this calculation for the highest functionality f = 50 are presented in fig. 5 for the different interaction strengths.
There are essentially two domains and types of behavior. If the magnetic interactions are weak, clusters can easily break and merge and the length-distributions for λ 40 are exponentially decaying with the chain length. This observation is consistent with the picture of a random aggregation process with a fixed energy gain per added (a ) (b) Fig. 6. (a) The deviation ∆(n) from the ideal end-to-end chain length (see eq. (7)) and (b) width of the chain Rg,r as function of the number of particles n in the chains for star-polymers of functionality f = 50 at different interactions strengths λ.
unit, where in this case the step in energy is a combination of magnetic gain and entropic loss. On increasing the magnetic strength λ, the magnitude of this gain increases and longer chains can be formed, but shorter chains remain more likely to be found. For λ 50 we find that this is no longer the case and that it appears to actually be an optimal chain size. With the expected number of four chains for these stars (see fig. 2 ), this optimum value is 12-13 units. The distribution is, however, rather wide which explains the noisy shape of the curves due to limited sampling for the strongest interactions.
Due to the magnetic interaction of the perfectly aligned dipoles, the dipolar chains are in general quite straight. The end-to-end distance d(n) of chains of length n is only weakly dependent on the strength of the interaction and is approximately 2(n−1)σ. We denote deviations from this simple esitmated behavior by ∆(n)
this quantity is depicted in fig. 6(a) . ∆(n) shows a nearly constant growth for each of the interaction strengths. The actual average distance between two magnetic beads depends on the relative strength of the magnetic dipoledipole attraction and the soft WCA-repulsion, and will be slightly higher than 2σ for weak interactions and gets smaller for larger values of λ. It also shows a slight concave behavior. This corresponds to the fact that also beads that are further apart experience the magnetic attraction between each other and are the cause of an additional secondary source of contraction. Only for the weakest interactions, the linear behavior does not hold. The reason lies of course in the presence of the lateral deviations. They can be characterized by measuring R g,r (n)
This is essentially the radius of gyration of the magnetic beads in the plane perpendicular to the external field or dipole directions. The results of the width of the chains are shown in fig. 6(b) . With increasing length, the width of the dipolar chains grows but remains, with values less than σ, fairly small. On increasing the interaction strength the lateral spread of beads is diminished, which is indicated by the corresponding decrease in slope of the various curves. Similar to the end-to-end distance, also here the interaction between more distant magnetic beads within a dipolar chain causes an additional effect indicated by the concave behavior of the curves. Here, however, it results in a increased suppression of the lateral movement of nano-particles within longer chains at the same interaction strength.
It should be noted that the estimated errors in fig. 6 for some of the points is relatively large. This mainly occurs at the large n value for the various curves and is caused by the fact that only a few chains of the corresponding size were observed within the simulation time. Accordingly, the measurements include contributions from the merging process and unstable chains and therefore these larger fluctuations are to be expected.
Density profiles
The formation of dipolar chains has a significant impact on the internal structure of the star-polymers. In particular, the isotropy of non-functionalized star-polymers, which is still recovered for weak interaction strengths λ, is broken. We can examine this feature more closely by considering the density profiles of the magnetic beads with respect to the center of mass of the full star-polymer. Here we can in a natural fashion distinguish two types of density profiles. The first is ρ r (r) and is measured in the direction perpendicular to the external magnetic field. The second type of density profile, ρ z (z), is measured along the field direction. Results of these measurements are presented in figs. density profiles for fixed functionality and constant interaction strength, respectively. To facilitate the comparison, we plot the density profiles normalized with the functionality, i.e., the probability distribution functions.
In fig. 7 , where we display the density profiles for the functionality f = 10 and f = 50, we note that for weak interaction strengths λ 50 the 2D-radial density profiles ρ r (r) show an initially linear behavior for small r-values. This is even more clearly visible in fig. 8(a) , and is a consequence of measuring a 2D-profile for what is an almost spherical symmetric 3D-density distribution. More interesting, however, is the fact that on augmenting the interaction strength the initial wide distributions change into rather narrow profiles peaked at a well-defined distance from the center of the star that does not depend on the interaction strength. This observation can be attributed to the narrow lateral distribution of magnetic beads within the chains, as we demonstrated in fig. 6(b) . The collective distance of beads is, with respect to the weak interaction limit, drawn to the center of the star-polymer by the pulling of arms that connect to the outer ends of the chain, but is at the same time repelled by the steric interaction near the center and the entropic loss of the polymer arms.
The other set of profiles, ρ z (z), shows that the formation of the chains draws the beads toward the equatorial plane. Also here the arms that connect to the outer ends of the chain play an important role, but now the pulling force is due to the imbalance of the forces along the field direction between different ends of the chain. The strength of this confining force depends on the length of the dipolar chains that are formed and therefore increases with increasing magnetic interaction parameter λ. The resulting distributions get narrower, but even for the largest interaction strength in the case f = 10 the width is about 50% larger than the length of the chains. In the case of the higher functionality f = 50 we even get distributions that display a plateau, which is caused by a combination of longer and more chains with respect to the functionality f = 10. The fact that the plateaus are not completely flat, can be understood by realizing that among the simulations at identical conditions not all chains are equally long and the shorter chains are more mobile.
The density distributions shown in fig. 8 for fixed interaction strengths λ = 40 and λ = 100, that correspond to a moderate and strong interaction, respectively, reveal the effect that functionality has on the location of the dipolar chains. The positions of the chains for higher functionalities are pushed outwards due to the increase in steric interactions arising in the vicinity of the core in a natural fashion, and to a lesser extent by the increase in average chain length. The latter is also responsible for the broadening of the ρ z (z) profiles.
Conclusion
We have examined the conformational behavior of single isolated star-polymers with functionalized end-groups. In particular end-groups formed by super-paramagnetic nano-particles, whose magnetic interaction strength can be controlled directly by the application of an external magnetic field. To this end we formulated a basic simulation model that enables us to explore, in a semi-qualitative fashion, the main features of conformations that such macromolecules have if they would be synthesized.
Within this model, we assume that the external magnetic field induces dipoles in the nano-particles that are, at all time, perfectly aligned along the field direction. Consequently, the nano-particles form on increasing the field strength, dipolar chains in the same direction. Whereas the length of such chains for free dipolar particles could grow to arbitrary length, here their number is limited by the functionality of the star-polymer. Moreover, the chain length is also restricted by their connectivity to the core of the star-polymer by a finite polymer string. The main features of the resulting single-star configuration diagram in the plane of functionality and interaction strength show that i) an increasing number of dipolar chains is formed for higher star-functionality, and ii) an increase in their length on augmenting the magnetic interaction strength can be observed. This is qualitatively similar to the single-star self-assembly behavior found for telechelic star-polymers [18, 19] , where the driving force is due to the differences in solubility of the head and tails of the polymer chains. In both systems, the aggregation process creates a patchy-like structure; however, while for the telechelic stars the patches are compact and roughly spherical in nature, we find here elongated "patches". Moreover, the telechelic stars can freely rotate in the solvent, whereas the orientation of magnetically functionalized star-polymers is enslaved by the direction of the external magnetic field.
The formation of chains also results in a more compact star for increasing interaction strengths. Especially for low functionality its overall size and shape is significantly affected. This is caused by the preference of forming longer dipolar chains, which for low functionality star-polymers will be only one. Consequently the center of mass of the star and the anchor point of the polymer arms separate, resulting in a watermelon structure and correspondingly in an aspherical shape. For higher functionalities, the overall shape of the polymer-star remains spherical, while embedding several longer chains.
The relative importance of entropic and magnetic interactions, separates a weak field region, with many small chains that can easily break up, from the strong interaction region with fewer and longer chains, that are much more stable over time. Consequently, the probability distribution of the length of dipolar chains changes from an exponential behavior to a unimodal distribution with a preferred averaged chain length. The individual chains, however, are for all interaction strengths very straight and narrowly confined in the direction perpendicular to the external field. The lateral movement of the full chain is, due to the architecture of the macromolecules, confined to a few particle diameters. Although there is a preferential position near the equatorial plane for the aggregated chains, they are only weakly confined along the field direction.
The qualitative picture that arises from our simulations is clear, even though some aspects of the magnetic interaction were simplified. We discarded inhomogeneities in the magnetic particles and the perfect alignment with the external field is only true in a first approximation, because the induced magnetic dipoles affect each other locally as well. A more interesting question, however, is the effect of our choice of super-paramagnetic nano-particles on the behavior of the star-polymer. A different choice would have been to consider permanent magnetic particles. In such a system, the magnetic chains that would be formed will be more flexible and can close up to form rings. In addition, the number of magnetic units that would participate in such chains is less restricted by the finite polymer strain connecting them to the core of the star-polymer.
For telechelic star-polymers it was shown that the properties that were found for the isolated macromolecules persisted also when going to finite densities; further their patchiness could be used to stabilize various crystals by tuning functionality and interaction strength. Whether similar features can also be identified for these magnetically functionalized star-polymers is not obvious and is postponed, in combination with the development of a suitable coarse-graining strategy for these molecules, for future research.
